Introduction
Autoimmunity may be considered as a "clinical syndrome caused by the activation of T cells or B cells, or both, in the absence of an ongoing infection or other discernible cause" [1] and is typically associated with autoantibodies reactive against self antigens [2] . The prevalence of autoimmunity in general is approaching 10% [3] , and many of these individuals develop autoimmune phenomena affecting multiple organ systems simultaneously [4] .
Hepatic autoimmunity comprises three major e and sometimes overlapping e clinico-pathological syndromes: primary biliary cirrhosis (PBC; also referred to as primary biliary cholangitis), autoimmune hepatitis (AIH) and primary sclerosing cholangitis (PSC) [5e7] . Each is associated with autoantibodies and with an increased likelihood of autoimmunity affecting other organ systems. Notably, these are uncommon conditions with the prevalence of PBC quoted as 1.91e40.2 per 100,000 and PSC as 0e16.2 per 100,000 [8] . Data for AIH are more sparse, but a recent Danish study has quoted a prevalence of 23.9 per 100,000 [9] . These diseases can impact people of all ages, persist as chronic illnesses rather than acute illnesses, and remain challenging to treat. Of the three diseases, only AIH typically responds to immunosuppression. AIH may be separated into type 1 and type 2 with the former more responsive to immunosuppression. There are few data on the genetics of type 2 AIH and the remainder of this article discusses type 1 AIH.
In each of the three major hepatic autoimmune conditions, as in most major autoimmune diseases, there is evidence for a strong genetic component to risk [10] . Genome wide association studies (GWAS), and related high-density genotyping arrays, represent a powerful method for exploring the genetic makeup of this risk. This review for a Special Edition of Journal of Autoimmunity focuses on the process of applying such studies to hepatic autoimmunity. This is apt given the life-long contribution from Professors Diego and Giorgina Vergani in the field of hepatology, particularly the presentation and management, as well as immunologic phenotype, of autoimmune liver disease in children. The studies discussed herein parallel and complement such clinical and immunologic evaluation of these diseases, collectively driving forward our efforts to better treat patients.
Why study genetics in hepatic autoimmunity?
There is a clear genetic component to the risk of developing autoimmunity in general, and hepatic autoimmunity specifically. This inference is based on observations made on twin pairs, family studies, population-based studies, and clinical observations, and underpins the logic behind conducting GWAS. Together these observations strongly suggest a significant genetic component to the development of hepatic autoimmunity. A deeper understanding of genetic associations is hoped to guide investigation of underlying pathobiology and so translate to improved therapies, personalized medicine and more accurate prognostication [11] .
Twin studies
Comparing disease concordance in mono-and dizygotic twins living in similar environments allows estimation of the relative contribution from environmental and genetic inputs to disease risk. Unfortunately, the low frequency of monozygotic twins (approximately 3.5 per 1000 live births) makes sufficient recruitment in rarer diseases such as hepatic autoimmunity challenging.
PBC has the highest reported concordance in monozygotic twins of any autoimmune condition, with the exception of celiac disease: 63% in one small series as compared to a risk in dizygotic twins close to the population level of <0.5% with no concordance between the 8 pairs studied [12] . Intriguingly, ages of presentation and presenting symptoms were similar among concordant twins and two of the discordant twins had other major autoimmune conditions. Similar data are not currently available for AIH or PSC, although a in a recent report there was no genetic concordance in five dizygotic twin pairs with concordance in the single set of monozygotic twins from a national Dutch AIH study [13] .
Familial risk
A particularly increased risk within a family as compared to the surrounding population tends to suggest an increased genetic risk, although unrecognized environmental risks are always also potentially relevant. Such genetic risk can be measured by the relative sibling risk (denoted as ls) i.e. the increased risk conferred on the sibling of an individual affected with a certain trait as a multiple of the baseline population risk. For PBC ls has been calculated at Â10.5 in a large UK series [14] and Â10.7 in the USA [15] . For, PSC ls is approximately Â10 [16] , whilst for AIH estimates are lacking. However, in AIH it is estimated that 40% of individuals have a family history of autoimmunity in general [17] . In PBC, the risk for expressing AMA and for developing disease is increased in first-degree relatives [18, 19] and a disproportionate number of PBC patients have relatives with the disease at the point of diagnosis [8, 20] .
Populations
When one subset of genetically admixed populations in a shared geographic area have an increased risk of a trait this may also belay a genetic component to risk. Examples of such phenomena in hepatic autoimmunity include reports of numbers of individuals affected by PBC are also abnormally high in ethnically defined subpopulations [21, 22] and within selected wider families in characterized comprehensive healthcare systems [19, 23] . Data on PSC sub-populations are more scarce, and although significant variation is seen between geographically separated populations, this may also indicate varying environmental exposure [8] . Data in AIH are similarly lacking with diagnostic variability between countries a key consideration when drawing comparisons [24] .
Individuals developing multiple autoimmune conditions suggests shared risk
All three major hepatic autoimmune conditions are strongly associated with coincident extra-hepatic autoimmunity. The findings of three representative reports are summarized in Table 1 . Such observations are consistent with autoimmune conditions in general, where development of one autoimmune condition increases the risk of another. However, this is not always the case and, for example, a diagnosis of rheumatoid arthritis is protective against a diagnosis of multiple sclerosis and vice versa [3] .
The genetic risk profile of hepatic autoimmunity is challenging to assess
As suggested by the significant but relatively modest sibling relative risk and incomplete concordance in monozygotic twins, the major hepatic autoimmune conditions do not follow autosomal inheritance. In contrast, only a small minority of causes of hepatic autoimmunity are monogenetically inherited: Autoimmune polyendocrinopathy candidiasis ectodermal dystrophy [25] , heterozygous CTLA4 mutations [26] , immunodysregulation polyendocrinopathy enteropathy X-linked syndrome [27] , and GATA2 mutation [28] may all present with AIH-like syndromes. Notably, all of these are associated with disruption of the regulatory CD4 þ T cell pathway.
In addition, there is strong evidence of environmental influences on PBC [15] , PSC [29] and AIH [17] . Similarly to their genetic profile, no currently identified environmental risk factor is sufficient to explain a large proportion of disease risk. This combination of an uncertain relative contribution to disease risk from multiple genetic and environmental variables e as well as probable interactions between these factors e marks these conditions as multifactorial, polygenetic and complex ( Fig. 1) [30] .
Unraveling the genetic contribution to disease risk is therefore a challenge. Prior to GWAS, a large number of candidate gene studies had been undertaken in hepatic autoimmune diseases [31e33]. However, these studies suffered from relatively weak statistical a The definitions used when searching for associations with these conditions in this study were likely to also include non-autoimmune phenomena e.g. osteoarthritis. Fig. 1 . The make up of risk for multifactorial autoimmune diseases. The total risk of autoimmune diseases is made up of uncertain contributions from environmental and genetic risk. Interpreting their relative contributions is made more challenging by those with similar genetics frequently being exposed to similar environments. There is also a contribution from geneegene (epistasis) and geneeenvironment interactions. Heritable epigenetic modifications provide a further potential influence and may be missed by standard genotyping techniques.
power, a strong potential for type 1 statistical errors, lacked reproducibility and were criticized for their a priori approach based on an incomplete understanding of disease biology. Of the non-HLA candidate gene associations listed in the three pre-GWAS reviews cited above, none has subsequently shown significant association in subsequent GWAS.
The rationale behind GWAS
GWAS offers an approach that presupposes that there is a genetic component to the risk of developing a disease trait, but seeks evidence of association across the whole genome without assuming other prior knowledge. GWAS exploits the common genetic variability that exists between individuals. When considering a particular trait, GWAS works on the assumption that the risk of developing the trait of interest is at least partly derived from the cumulative effect of multiple variants, each of which confers low risk by itself. If two groups with and without a trait of interest are compared, certain variants may be disproportionately represented. If these associations are sufficiently specific and sufficiently divergent from the distribution seen in a control group drawn from the same population, risk may be associated. Further analysis of identified risk loci can aid prediction of specific implicated genes. This hypothesis-free approach avoids much of the criticism leveled at candidate gene studies.
GWAS has been made possible by leveraging advances in chipbased genotyping technology and incremental decreases in the cost of such techniques [34] . By generating data that are amenable to combination, the power e and number of associations identified e of individual GWAS may be increased by meta-analysis. This also permits combination of datasets to improve statistical power and facilitate replication analyses, especially where the same genotyping platforms or an overlapping selection of SNVs are used.
Considering fixed genetic information inherently focuses on the root rather than result of disease process. Potential gains from GWAS include improvements in predicting whether an individual will develop a disease, earlier prediction of disease severity or subphenotype, potential biomarker identification and improved diagnostics. Identifying specific genes and therefore protein targets guides the generation of pre-clinical models, informs the development of novel candidate drug treatments and may also reveal opportunities for drug re-purposing [11, 35] .
The process of GWAS
Conducting GWAS requires the assembly of cohorts of individuals with and without a trait of interest. Care must be taken to assess for the presence of over-lapping conditions, which may bias genetic risk associations and misdiagnoses, which may dilute risk associations. Relevant examples include the presence or absence of ulcerative colitis in PSC or in distinguishing Type 1 from Type 2 AIH [30, 36] . Although, finding sufficient well-phenotyped cases in these relatively rare diseases can be challenging, over the last decade high-throughput genetic studies have transformed our understanding of the risk architecture of autoimmune conditions in general and hepatic autoimmunity in particular (Table 2) .
Once appropriate test and control cohorts have been assembled, each subject of both groups is genotyped for a wide array of 
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individual single nucleotide variants (SNV). These SNV are preselected from those sufficiently prevalent in the general population, and sufficiently spaced across the genome, to power subsequent statistical association analysis. SNV selections are drawn from large haplotype mapping projects, particularly the International HapMap project. In the case of GWAS, these traits are chosen from variations identified during sequencing efforts to dissect the genome and are spread across it. In more focused studies, a targeted selection of SNVs may be used. In the case of the Immunochip, SNVs implicated in immune pathways and other autoimmune diseases e including some rarer than those used in most GWASeare used to allow finer-resolution analysis of loci of interest [37] .
The analysis of large-scale GWAS-derived datasets enables identification of individual variants with estimates of the risk that they confer. Notably, far more common SNVs have been described than have been assessed in any one GWAS. Therefore overrepresentation of a given SNV in one cohort or another is likely to represent linkage disequilibrium rather than the causative mutation itself. Exploitation of linkage disequilibrium e the phenomenon by which genes located closer together on are more frequently inherited together e allows likely risk loci to be identified and therefore candidate genes within or near such loci inferred [38] . Thus, GWAS does not typically detect specific mutations and the resolution of a particular study may make it difficult to comment on the specific gene implicated. Several GWAS 'hits' in hepatic autoimmunity may still relate to one of several proposed genes.
The multiple comparisons made in GWAS make both statistical correction and the use of a conservative level of statistical significance mandatory. Typically, overall values of p < 5 Â 10 8 are taken as indicating significance in a genome-wide study. A key potential confounder in GWAS is the potential for false positives/type 1 errors because of the multiple comparisons inherent to its analysis. Thus, careful adjustment for the number of such comparisons is mandatory. Also mandatory is confirmation of associations by replication in separate validation cohorts. An important component of GWAS is comparing the test cohort with a suitable control: i.e. one that would be expected to have a similar distribution of common SNVs other than those associated with the disease trait of interest. Typically this means a control cohort drawn from healthy individuals in an ethnically and geographically similar area. With the notable exception of the Japanese PBC GWAS [39] , all of the studies performed in hepatic GWAS to date have concentrated on populations of predominantly white European origin. Two associations from the Japanese PBC cohort (POU2AF1 and TNFSF15) are unique to that study. Also, recent work in a Chinese cohort failed to replicate an association in the IL-12 pathway that has proven reproducible in European populations [40] . Following the broad model described above, risk loci associated with PBC, PSC and AIH at genome-wide significance levels (p < 5 Â 10 À8 ) have been identified and these are summarized in Tables 3 and 4 . This number will increase with larger, and higher resolution, studies e.g. there is an ongoing effort to perform a metaanalysis of PSC GWAS datasets. Notably, there is a high degree of overlap (or pleiotropy) between loci implicated in hepatic autoimmunity to date and those associated with other autoimmune conditions (Fig. 2) .
6. Major observations in hepatic autoimmunity resulting from GWAS
HLA associations
GWAS has given robust support to a number of associations with HLA haplotypes with each of the major diseases. Several of these associations were made prior to the GWAS era. HLA associations strongly implicate the adaptive immune system: the HLA region on chromosome 6is highly variable encodes both the class I and II major histocompatibility complexes. Associations are summarized in Table 3 . All three hepatic autoimmune diseases have associations with variants in both class I (encoded by HLA-A, HLA-B and HLA-C) and class II (HLA-D) major histocompatibility complexes, with more associations in HLA-D. HLA haplotype associations are seen in all major autoimmune diseases (Fig. 2) .
SNVs affecting HLA can alter the MHC antigen presentation repertoire and have been associated with disease provoking responses in response to otherwise innocuous certain agents: for example HLA-B*57:01 and abacavir hypersensitivity [41] . In PBC much of the risk has been narrowed to HLA-DRB1 with much of these rest of the association signal attributed to linkage disequilibrium [42] .
One theory that complements specific HLA associations with specific diseases alongside multiple shared other non-HLA variants is that HLA haplotypes may direct autoimmunity in an otherwise prone individual, perhaps after an environmental trigger. For Lat. Am. [125] [126]* Dense SNV analysis and subsequent conditional analysis of this HLA haplotype in the Italian PBC cohort has suggested that risk-conferring/protective effects are predominantly due to variants in HLA-DRB1 with associated linkage disequilibrium [42] . [146] example, in the autoimmunity-prone NOD mouse typically develops insulitis and diabetes, but altering its HLA alleles can redirect the autoimmune focus to thyroiditis [43] . Of note however, the haplotypes associated with each of the hepatic autoimmune diseases are variable between geographic and ethnic populations (Table 3) . It remains unclear as to whether the overlapping gene variants contained within these haplotypes of the highly variable HLA region represent true divergent developments resulting in a risk for a similar phenotype, or whether the risk will in due course be narrowed down to very few SNVs as it has in rheumatoid arthritis [44] .
Non-HLA associations
Multiple non-HLA associations have now been identified in both PBC and PSC by GWAS. These are summarized with brief notes as to the function of better-understood implicated genes in Table 4 . Below, we consider associations forming patterns within pathways and of associations with genes of particular interest. Notably biological studies are needed to complete the understanding of proposed gene associations.
The IL-2 pathway in PSC
The combination of loci associated with PSC risk containing CD28, IL2 and IL2RA e which encodes the alpha subunit of the high affinity IL-2 receptor e suggest that the T lymphocyte focused IL-2 pathway has a major role. The multiple effects of IL-2 are summarized as Fig. 3 and the molecule has key roles in the development and maintenance of regulatory T cells but is also important in the adaptive effector response.
The IL2RA deficient mouse develops marked lymphadenopathy with ultimately fatal autoimmunity with lymphocytic infiltrates in skin, intestine, lung and liver in the context of a complete deficiency of regulatory T cells. The liver infiltrate is peri-portal but occurs without overt fibrosis and, owing to its development of antimitochondrial antibodies, the mouse has in fact been described as a model of PBC [45] . Indeed, a single case of a boy with a homozygous mutation in IL2RA developing a PBC-like disorder with Treg deficiency has been described [46] . By analogy to IL2RA mutations, mice deficient in the leucocyte anti-apoptotic protein Bcl2l11 also develop multi-system autoimmunity with lymphocytic infiltration and autoantibodies, but without a hepatic focus in a pattern that has been described as more like systemic lupus erythematosus [47] .
The IL12-STAT4 pathway in PBC
PBC risk has been attributed to variants in a number of genes involved in the T cell activation pathway involving IL-12 and STAT4, which leads to Th1 T cell polarization (Fig. 4) . IL-12 is a heterodimeric molecule made up of the two subunits, p35 and p40, encoded by the IL12A and IL12B genes respectively. The latter protein also heterodimerizes with IL-23p19 to form IL-23, a key signaling component in the Th-17 pathway. The IL-12 receptor is also encoded by two genes: IL12RB1, which is constitutively expressed, and IL12RB2 which is upregulated by interferon-g (IFNg) to act as a positive feedback loop in antigenic stimulation. STAT4 and tyrosine kinase 2 (TYK2) protein are important in both IL-12 and IL-23 receptor signaling. Each of IL12A, IL12RB2, STAT4 and TYK2 have risk associations with PBC. Deficiencies in IL12 and STAT4 confer susceptibility to intracellular pathogens such as tuberculosis [48, 49] , whilst STAT4 is required for developing autoimmune diabetes in a mouse model [50] .
Using animal models of PBC, efforts have been made to see whether interruption of the IL-12 pathway ameliorates autoimmune liver disease. Results have been variable and all depended on models of PBC created by introducing profound defects in T cell regulatory pathways: deletion of the IL-12p40 subunit worsens peri-biliary inflammation and upregulates hepatic expression of gene products associated with fibrosis in IL2Ra deficient mice [51] ; in dnTGFbRII mice, IL-12p40 deletion greatly reduced peri-biliary inflammation [52] ; whereas IL-12p35 delayed but did not prevent disease in dnTGFbRII mice and was also associated with more marked fibrosis [53] .
FUT2
The linkage of the gene FUT2 to PSC risk is of interest because it resonates with two other major potential etiological considerations in the disease: the gut microbiome and antigen presentation. FUT2 encodes fucosyl transferase 2 and is involved in the regulation of the expression of antigens including the ABO system and in the synthesis of the H antigen oligosaccharide. The latter acts a binding moiety for a number of bacteria and viruses including the Norwalk virus and also a source of carbon for certain bacteria. In those homozygous for the disease-associated SNV demonstrate alterations in gut microbial community composition [54] , FUT2 variants appear to affect carbohydrate metabolism in the gut, so affecting the microbiome. Such alterations, and FUT2 variations, have been associated with sub-clinical colitis in both mice and man [55] . FUT2 variants are also recognized as conferring risk in inflammatory bowel disease.
SH2B3 e Lnk
SH2B3 e also known as Lnk e is notable for being associated with all three of the hepatic autoimmune diseases. The association signal in the single AIH GWAS to date falls slightly short of the generally-accepted level for genome-wide significance, but it has been argued that the high likelihood of SH2B3's involvement given its role in so many other autoimmune diseases means that it should be considered a significant association. SH2B3 encodes one a number of SH2B adaptor proteins and is within a widely shared autoimmune locus. It is involved in multiple growth factor and cytokine signaling pathways and is a negative regulator of T cell activation, tumor necrosis factor and Janus kinase 2 and 3 (JAK2/3) signaling and is required for normal hematopoiesis. Mice deficient in SH2B3 have greater levels of activated T cells and a tendency to autoimmunity [56] . SH2B3 variants are also implicated in celiac disease. Investigation of the functional effect of SH2B3 genotype in response to lipopolysaccharide and muramyl dipeptide has demonstrated that the risk that carriers of the SH2B3 rs3184504*A risk allele e which is the same as that implicated in PSC and AIH e show stronger activation of the NOD2 pathogen recognition pathway [57] . This suggests that SH2B3 has a role in modulating the immune response to intestinal pathogens.
Epistasis
Epistasis is the process by which carrying a combination of two or more risk variants has a more than additive effect on total risk. One example of such interactions in PBC is the risk-conferring epistatic interaction between the 1p31 (IL12RB2) and 7q32 (IRF5) loci [58] . A potential risk-amplifying interaction between CTLA4 and TNFa variants has also been reported in the pre-GWAS era, but not replicated [59] . Numbers of epistatic geneegene interactions are likely to grow as sample sizes increase and meta-analysis is carried out. 
Translating GWAS findings to clinical cohorts
Translating findings from GWAS studies in general to changes of clinical care has proved challenging. Notable exceptions exist however, for example the utility of IL-12 and IL-23 blockade in psoriasis [60] and the identification of the link between IL28B variants and sustained virological response in hepatitis C treatment [61] .
HLA
There has been some success in predicting clinical characteristics from GWAS data, but prospective validation is required. For example, work arising form the Dutch AIH GWAS has suggested that HLA types influence clinical characteristics: HLA-DRB1*03:01 being associated with higher serum gamma immunoglobulin levels and HLA-DRB1*04:01 being associated with an older age of first presentation [62] .
A number of pre-GWAS studies have related clinical characteristics to HLA haplotypes, although many have not been replicated. The well-established inter-population variability between HLA associations means that results must be applied between varying populations with caution. In PBC for example, HLA haplotypes correlate with anti-gp210 status in Japanese [63] and Chinese [64] patients. The presence of anti-gp210 antibodies is independently predictive of outcome. HLA-associated susceptibility to UC is different with and without the presence of concurrent PSC [65] and acute rejection after transplantation may also be associated with HLA-B*08, HLA-C*07 and HLA-DRB1*03 [66] . In AIH, HLA-DR4 may predict treatment failure [67] . Sequencing of DRB1*03-DRB1*04 amongst North American patients has shown a lysine-rich subset in which carriers with AIH more frequently develop cirrhosis and a requirement for liver transplantation [68] . Similarly, amongst Japanese with AIH, the DRB1*08:03-DQB1*06:01 haplotype was more frequent in patients who developed hepatic failure [69] .
The mechanism by which given HLA variants may exert their effects in hepatic autoimmunity is unclear. However, in PBC recent important work has directly linked HLA-types to cellular phenotype. T cells with the risk-conferring HLA-DRB1*08:01 shown a high-affinity response to specific pyruvate dehydrogenase E2 subunit peptides; an analogous response was absent in cells expressing the protective HLA-DRB1*11:01 [70] .
Non-HLA
The implication of the IL-2 pathway in PSC might logically suggest a role for immunosuppressants. However, no immunosuppressive regime, including those with particular activity against IL-2 has proven efficacy in PSC [71] . Similarly, despite a number of molecules implicated in activation of the adaptive immune system in PBC, no immunosuppressive therapy has been shown effective to date.
The alpha-subunit of the IL2 receptor complex (IL2RA; CD25) is also implicated by GWAS in PSC. This had lead to particular interest in regulatory T cells, which strongly express IL2Ra. Recent work attempting to address the role of regulatory T cells in PSC has suggested a reduction in their number in PSC livers as compared with PBC [72] . Further, peripheral populations were reduced and this correlated with homozygosity for the risk IL2RA allele. The proportion of liver-infiltrating lymphocytes expressing CD28 in PSC is reduced and these cells have a more activated phenotype and produce more of the effector cytokines tumor necrosis factor a and interferon-g than their CD28
þ counterparts [73] .
Interestingly, the CD28-negative T cell compartment is also expanded in rheumatoid arthritis, in which the CD28 gene is similarly implicated by GWAS [74] .
In follow-up studies of GWAS datasets, associations of STAT4 variations with ANA status have been identified in Japanese PBC patients [75] and TNFSF15 polymorphisms have been linked to functional changes in the gene product. Differences in mRNA and protein expression were also seen in both PBC and healthy subjects carrying this variant, although a link to outcome or phenotype remains unclear [76] .
The risk association with CXCR5 is of particular interest because of CXCR5's major role in lymphocyte trafficking, especially of B and T cells migrating to germinal centers. Subsequent to GWAS, two observations have strengthened the link to the clinical picture: firstly that numbers of CXCR5 þ T follicular helper cells are increased both peripherally and in PBC liver tissue [77, 78] and secondly that the ligand for CXCR5, CXCL13, is upregulated in PBC as compared with other liver diseases [79] . A common feature of PBC, PSC and AIH is that they all recur after transplantation. This supports a key role for the immune system rather than an intrinsic biliary epithelial cell or hepatocyte defect. In PBC, data gathered as part of the UK-PBC cohort was re-analyzed according to individuals' IL12A variant status and this has suggested a correlation between the AG variant and decreased time to diagnosis of PBC recurrence [80] .
The IL12 pathway is also the target of the only GWAS-derived therapeutic intervention to date in hepatic autoimmunity. This study used ustekinumab, a monoclonal antibody that blocks IL-12 and IL-23 signaling. However, administration to PBC patients with established cholestatic, ursodeoxycholic-unresponsive disease did not significantly alter biochemical surrogates of disease activity [81] . However intriguingly in those patients in whom there was a fall in alkaline phosphatase noted, there was evidence of modulation of biological pathways (including Th17 lymphocytes) related to ustekinumab response.
Finally, work has been published attempting to calculate risk using aggregated GWAS data and applying these to cohorts. There has been some success, with a recent risk score generating a modest AuRoC of 0.72. This is despite the same authors calculating a combinatorial disease risk from all extant PBC susceptibility alleles of only 5.3% of the observed heritable risk, suggesting the capacity for future refinement [82] .
Deficiencies in GWAS to date

GWAS results do not account for all the observed risk
One reason for this is that these rare diseases are likely to have some of their risk conferred by rare genetic variants. The design of GWAS means that identified risk variants are, by definition, more frequent in the population than is the disease per se [83] . Further, rarer genes with smaller effect sizes require larger cohorts for association signals to reach the stringent levels of statistic significance: this effect has been especially apparent in more common autoimmune diseases. For example, there is an almost direct correlation between study size and the number of variants identified in inflammatory bowel disease [37] and studies of super-cohorts involving over 100,000 subjects have greatly clarified the genetic landscape of rheumatoid arthritis [84] .
Importantly, it is apparent that GWAS will never account for all of the observed risk in complex diseases like those in hepatic autoimmunity: in PSC it has been commented that "more than 50% of the susceptibility to these diseases is still likely to be of an environmental origin." [85] Equally, in PBC, which has seen the greatest amount of GWAS investigation, calculation suggests that findings to date only account for a few percent of the observed heritability [82] .
Genetic information cannot yet explain key aspects of disease phenotype
As yet, GWAS does not explain key phenotypic features of the hepatic autoimmune diseases. Examples of these include the marked differences in risk between genders, the co-incidence of other autoimmune phenomena, treatment response in PBC and AIH, and malignancy risk in PSC. Genetic risk also does not help explain the evolution of clinical phenotype that is particularly recognized in pediatric patients presenting with autoimmune hepatitis and sclerosing cholangitis.
GWAS does not reflect disease risk in varied ethnicities
As mentioned above, all major GWAS in hepatic autoimmunity to date have focused on populations of European Caucasian descent, with the exception of the Japanese PBC study [39] . The Japanese GWAS identified two associations not yet replicated in other populations. Similarly, a recent replication study from China in a Han population has suggested incomplete overlap with previous studies [40] . Observations like the lower rate of concurrent ulcerative colitis in African American PSC patients suggest genetic variation may be implicated [86] . The selection of SNVs assessed by Immunochip are also biased to white Caucasian populations [87] . It therefore remains possible that associations in those of nonEuropean backgrounds will yield different associations.
Positive selection pressure for genes implicated by GWAS is not yet explained
Several associations uncovered in GWAS have putative links to resistance to microbial infection: IL-12/STAT4 pathway and intracellular/tubercular infection in PBC; FUT2 and Norwalk virus in PSC; SH2B3 and response via NOD2 in AIH, PSC and PBC [49, 54, 57] . However, for the most variants associated with hepatic autoimmunity no explanation exists for the selection force that explains their presence in the population. It is likely that responses to microbial agents will be implicated: most of human variation is thought attributable to infectious disease [88] and gut pathogens are thought to have dictated the genetic signature of inflammatory bowel disease [89] .
GWAS does not yet map to animal models nor therapies
As considered above, there is a current lack of either a direct animal model in which abnormalities in a gene identified by GWAS recapitulate the key phenotypic components of one of the major autoimmune hepatic disease. Equally, no targeted therapy based on GWAS findings has yet been successful.
GWAS may not capture epigenetic modifications, including heritable epigenetic traits
Epigenetic modifications are alterations to genes other than in their base-pair code that alter how, or whether, they are transcribed. They may be the result of environmental influences or a consequence of the activity of other genes. They may be inherited. However, epigenetic modifications are not captured by some current chip-based GWAS techniques nor sequencing technologies. Importantly, a high proportion of fine-mapped variants are seen in promoter regions or where regulatory proteins bind, and epigenetic variation has been identified in non-hepatic autoimmunity [90] .
One epigenetic mechanism that has been proposed as explaining some of the gender differences in prevalence of PBC is biased X or Y chromosome inactivation. This process typically involves silencing by chromosome packaging in heterochromatin and has been reported as being biased in a number of autoimmune diseases [91, 92] . However, it is notable that to date, no risk genes for hepatic autoimmunity have been identified on either the X or Y chromosome.
In PBC further interest a role for epigenetic mechanisms has been given further support by two recent studies. First is the observation that the promoter region of the gene encoding CD40 ligand (CD40L) demonstrates reduced methylation in PBC patients as compared with controls. This is of particular interest given the key role CD40-CD40 ligand interactions play in B cells activation and because this observation correlates with serum IgM [93] .
Second, recent reports have demonstrated differential DNA methylation of the promoter region of the gene CXCR3 in T lymphocytes from patients with PBC [94] . Demethylation of CXCR3 correlated with increased protein expression of CXCR3. Functionally, CXCR3 is present in many inflamed tissues and is associated with the generation of Th1 type responses and the subsequent migration of Th1 CD4 þ T cells. Neither CXCR3 nor CD40L has yet been associated with risk for developing PBC.
The future of genetic investigation of hepatic autoimmunity
Future investigation of the genetics of hepatic autoimmunity is likely to take advantage of the increasing efficiency and reducing cost of finer-resolution SNV chips and sparse or whole genome sequencing. Such "post-GWAS" strategies are starting to reveal new risk loci in other conditions [95] . Moves towards higher-resolution assessment of the genome that stop short of full sequencing may also yield extra information as suggested by ImmunoChip studies [96, 97] (with their higher resolution coverage of targeted subsections of the genome) and recent work in other autoimmune conditions [90] . In addition, improved analyses of multiple SNVs associated with risk loci have improved our ability to identify specific risk-causing variants/mutations. Combining such information with knowledge of the epigenome of individual cell types has begun to direct researchers to highlight where individual variants may have particular effects [90] . For example, in PBC candidate SNVs are enriched in CD4 þ T cells and B cells. Larger cohorts of patients will be valuable but may prove challenging to recruit and meta-analysis including smaller new cohorts as they become available is likely to continue to provide small incremental returns [98] . In addition, where patient e and importantly control e cohorts are well phenotyped there is the potential of linking genetic data to clinical outcomes and disease subtypes. Indeed, recent work has taken data on HLA haplotype associations from GWAS and associated them with presentation and outcome in AIH [62] . The three carefully phenotyped cohort projects known as UK-PBC, UK-PSC and UK-AIH are examples of current work that may provide insights in this direction. Future genetic work will need to proceed hand-in-hand with closer examination of environmental influences, epigenetics and geneeenvironment interactions and will need to consider genomes other than in Caucasian populations.
Conclusion
In each of PBC, PSC and AIH, there is a clear genetic component to disease risk. Each also has a significant environmental input and it is uncertain as to the relative contribution of genes, environment and interactions within and between these influences. Until recently, although several risk-bearing HLA haplotypes in these diseases had been identified, these were insufficient to explain much disease heritability. GWAS and analogous focused chip-based studies have now greatly increased our knowledge of a number of variants associated with risk for PBC and PSC and begun to inform our knowledge in AIH. These variants have been mapped to a number of likely candidate genes. Of particular interest are links to the IL-12-STAT4 pathway in PBC and the CD28-IL2 pathway in PSC. However, despite the multiple genetic associations described by genetic studies to date, the observed genetic component to disease risk in hepatic autoimmunity is far from explained. Possible reasons for this include relatively small samples sizes, inherent deficiencies in GWAS methodology in detecting rare variants, and the uncertain extent of environmental and epigenetic influences. Further, GWAS
does not yet explain a number of key phenotypic features of these diseases, nor have results yet mapped to definite clinical insights as they have in other autoimmune diseases. These problems are likely to be addressed by larger, sequencing-based or higher-resolution SNV-based studies alongside investigation of geneeenvironment interactions. Such efforts are starting to gain leverage in more common diseases. Finally, it is a great pleasure to contribute this paper to the special issue devoted to Diego and Giorgina Vergani, both of whom have excelled in every aspect of clinical medicine, from patient care to teaching and, of course, research. This paper is part of this dedicated issue which is a component of the yearly efforts of the Journal of Autoimmunity to recognize truly outstanding figures in autoimmunology. Previous recipients have included Abul Abbas, Michael Sela, Ruth Arnon, Noel Rose and Ian Mackay [99, 100] . Giorgina and Diego are fitting to include in this group.
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